The Fusion and Astrophysics (FAST) Data and Diagnostic Calibration Facility located at the Lawrence Livermore National Laboratory is a state-of-the-art facility used to calibrate radiation based diagnostics and study atomic processes for investigating fusion and astrophysical plasmas. FAST has at its disposal a full suite of radiation generation and detection devices, including two electron beam ion traps: EBIT-I and SuperEBIT and an absolutely calibrated x-ray calorimeter spectrometer. FAST covers the energy range between 0.01 and 100 keV, and can thus be used to calibrate a variety of plasma diagnostics. Instrument parameters that can be calibrated include line profiles, transmission and reflection efficiencies, and the quantum efficiency of grating and crystal spectrometers and solid state detectors. FAST can be used to test fully integrated instrumentation, and is ideal for spectrometers and detectors to be flown on orbiting observatories, sounding rockets, used as ground support equipment to verify flight instrumentation, in laboratory astrophysics experiments, and to diagnose magnetic and inertial confinement fusion plasmas. Here we present an overview of the calibration capabilities of this facility including some results.
INTRODUCTION
The physical parameters governing the actions of any plasma are encoded in the plasma's radiation. Hence, accurate quatitative measurement of the radiation is a powerful means for diagnosing a variety of both terrestrial and non-terrestrial sources. Radiation detection, namely spectroscopy, can be used to determine a plethora of plasma parameters including but not limited to temperature, density, elemental and ionic abundances, the presence of magnetic fields, and bulk motion. Spectroscopic diagnostics also have the advantage of operating remotely and being non-destructive. The utility of these diagnostics relies explicitly on how well the instrument and the atomic processes governing the radiation are understood. The Fusion and Astrophysics (FAST) Data and Calibration Facility, 1 pictured in figure 1 , is a fully instrumented facility for calibrating radiation detection instrumentation, for measuring atomic parameters, and for developing new diagnostics. Here we will briefly describe some of the operational parameters of the FAST facility, how it is used to calibrate and characterize diagnostic instruments and give some examples.
THE FAST RADIATION SOURCE AND INSTRUMENTATION
The radiation source for the FAST facility is the original electron beam ion trap, EBIT-I. The electron beam ion trap was invented at the Lawrence Livermore National Laboratory specifically to study the properties of highly charged ions. [2] [3] [4] [5] The basic components of an EBIT are an electron beam, an electrostatic trap, and a collector.
In EBIT-I, the electron beam is generated by a Pierce-type electron gun and is transported electrostatically to the trap where it is compressed to a diameter of approximately 60 μm by a 3 Tesla magnetic field created by superconducting Helmholtz coils. After exiting the trap, the beam electrons are dispersed by a reverse field and terminate on the collector. The electron beam is not only used to produce and excite ions, but also to confine ions radially. Axial confinement is achieved by applying different potentials to three drift tube electrodes. The drift tubes are referenced to a 0-30 keV low-noise, high-voltage power supply. The sum of the potential on the high-voltage power supply plus the potential on the middle drift tube determines the electron beam energy at the trap. Energies in excess of 30 keV to above 100 keV can be achieved by converting EBIT-I to the SuperEBIT 6 device, which is done routinely for studies requiring high energy. The electron beam is nearly mono-energetic with a Gaussian energy spread typically between 20 and 50 eV full width at half maximum. Because it is monoenergetic, the ion distribution in the trap can be well controlled and often consists of only a few charge states.
Given the wide range of energies available, almost any ion of any element can be produced. For the purpose of calibration, radiation from EBIT-I is produced mainly by radiative decay following direct electron impact excitation by beam electrons. Figure 2 shows a spectrum of the K-shell emission from hydrogen-and helium-like Six axial slots cut in the drift tubes and aligned with six gate-valve-equipped vacuum ports each permit direct line-of sight access to the trap. In a standard experimental run, one port is used for introducing atomic or molecular gases into the trap by means of a pulsed or steady-state ballistic gas injection system. This gas injector produces a stream of neutral molecules or atoms. Once the neutral material crosses the electron beam, it is ionized and trapped. The remaining five ports are used for instrumentation for measuring atomic parameters and for hosting instruments to be calibrated. A seventh port on the top of the device is used for injection into the trap of singly and doubly charged ions from a metal vapor vacuum arc source and also for instrument alignment.
One of the axial ports on EBIT-I houses a diagnostic instrument manipulator (DIM) tube similar in utility to the DIM tubes at the National Ignition Facility (either the laser target chamber or EBIT-I's vacuum chamber), the gate valve is opened between the DIM and the target chamber and the diagnostic is inserted to its operating position. The EBIT DIM has a round cross section with an internal diameter of 6 inches and an internal length of 20 inches. The EBIT-I DIM makes it possible to calibrate diagnostics developed for NIF and Omega under the same conditions they would be operated at either laser facility. A photograph of the EBIT-I DIM tube is given in figure 3 .
The "workhorse" spectroscopic instrument of this facility is the EBIT Calorimeter Spectrometer (ECS). The ECS is a calorimeter spectrometer instrument that was built at the NASA/Goddard Space Fight Center. A detailed description of the ECS can be found in Porter, et al., (2008, 2009 ). 10, 11 In brief, the ECS is a 6 X 6 array of HgTe absorbers mounted on high sensitivity thermistors cooled to an operating temperature of 0.05
Kelvin by a single-stage ADR and all housed in a laboratory dewar. The array consists of 18 channels optimized for photon energies between 0.1 and 15 keV and 14 optimized for energies between 5 and 100 keV. The energy resolution is 4.5 eV at 6 keV for the low energy channels and 34 eV at 60 keV for the high energy channels. To shield against thermal and optical radiation, there are 4 aluminized polyimide blocking filters between the ECS detector array and the dewar's outer gate valve. Each filter is free standing and has a thickness of ∼ 500Å of aluminum and 500Å of polyimide. The X-ray transmission of the filters have been measured at either the FAST facility or at NASA/Goddard Space Flight Center. Similarly, the areal density of the absorber material for the low energy channels has been measured as part of the Suzaku XRS calorimeter calibration program. 12, 13 Once EBIT until the spectrometer is at its optimal operating distance.
attached to EBIT-I, the performance of the filters are monitored by measurements of known x-ray line intensity ratios and also by using a commercial x-ray tube attached to a port directly opposite the ECS.
CALIBRATION CAPABILITIES
FAST can be used to calibrate the absolute quantum efficiency, the photon transmission efficiency of blocking filters, dispersion relations for grating and crystal spectrometers, energy scales, reflectivities, instrumental line shapes, and the polarization sensitivity. The quantum efficiency of a fully integrated spectrometer, referred to here as the secondary spectrometer, is calibrated by attaching the secondary spectrometer to one of the available vacuum ports or installing it in the DIM tube, and measuring line radiation from EBIT-I with both the secondary spectrometer and the ECS simultaneously, and then normalizing the counts recorded with the secondary spectrometer to those recorded with the ECS. Because the detection efficiency of the ECS is known and because the geometry of each instrument is known, the quantum efficiency of the secondary spectrometer can be determined. In addition, because several discrete lines from a single ion are emitted from EBIT-I simultaneously and more than one ion species can be trapped simultaneously (see figure 4) , the QE across a large energy band can be determined in a relatively short period of time and at a single experimental setting, i.e., there is no need to "scan" the energy emitted from the source. For example, using line radiation from helium-and hydrogen-like ions of carbon, nitrogen, oxygen, neon, and aluminum, we have calibrated the QE of two grating spectrometers across the 0.3 to 2 keV energy band in less than 12 hours each.
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Blocking filters made of thin (∼ 0.1-20 μm) metal, metal alloy, or metalized plastic are regularly employed by diagnostics of both terrestrial and non-terrestrial plasmas. These filters reject unwanted radiation or debris from reaching the detector or provide energy fiducials via known absorption edge structures. For example, the microcalorimeter spectrometer to be flown on Astro-H is sensitive to low energy radiation that may cause an unnecessary heat load or a high background. This radiation is filtered out using thin aluminized plastic filters. The x-ray transmittance of the filters is energy dependent and is often complicated by fine structure near absorption edges as well as oxidation and the deposition of contaminants. And, although manufacturers often do an excellent job of providing filters whose thicknesses are known to within 10%, there are cases in which the thickness is not well known. In addition, experiments often require more accurate knowledge than is provided by the manufacturer. The x-ray transmittance of these filters must therefore be measured.
We have designed and implemented a system for measuring the x-ray transmittance of thin filters between 0.1 to 15 keV energy band. 9 The method uses the ECS as the detector and line emission from EBIT-I as the radiation source. The filter is placed in the line of sight between the ECS and EBIT-I using a vacuum feedthrough filter translation system. The radiation from EBIT-I is measured with the filter in the line of sight and then out of the line sight. The number of counts detected in the "in" position divided by those detected in the "out" position gives the transmissions efficiency of the filter. The counts recorded in the "in" and "out" positions are normalized using one or several other spectrometers at our disposal, such as high resolution grating spectrometers, 16, 17 crystal spectrometers, 18, 19 or high purity germanium solid state spectrometers. Figure 5 shows the results of a measurement of a thin filter employed by a variable-spaced flat-field grating spectrometer used as a high energy density plasma diagnostic at the Omega and Omega EP lasers and at the Titan Laser at Livermore's Jupiter Laser Facility, and also one of the filters used by the Dante temperature diagnostic at NIF.
Instrumental line shapes are also calibrated at FAST. During normal operation the width of a measured spectral line is a convolution of the natural shape of the emission line, any Doppler broadening caused by the finite ion temperature, and the instrumental line shape. For grating and crystal spectrometers, the source-size broadening must also be taken into account. To measure the instrumental line shape, all the other line broadening mechanisms must be known. When calibrating instrumental lines shapes at FAST, emission lines are chosen with natural widths that are either well known or are so narrow that they do not contribute significantly to the measured width. Similarly, ions can be chosen whose Doppler broadening is not significant or can be measured independently. Furthermore, if necessary the ions in the trap can be cooled until the Doppler broadening is insignificant. 7 To account for the source broadening, a narrow slit and a CCD are used in a pinhole-camera arrangement to image the electron beam and measure its diameter.
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As in the case of measuring filter transmittance, several lines can be incident on the secondary spectrometer at once, making it possible to quickly measure the instrumental line width as a function of energy. If the instrumental line shape has significant spectral redistribution, i.e., large scatter wings or low or high energy "tails", then a single emission line can be selected and directed to the secondary spectrometer using a monochromator.
Because of the ability to produce narrow line emission of well known energies across a large bandwidth, a spectrometer's energy scale can be easily calibrated at FAST. The transition energies in hydrogen-and heliumlike systems are often known to 1 part in 10 5 or better. Thus, energy scales can be measured to an accuracy only limited by the characteristics of the spectrometer. Even if spectral emission from several different ions is required to cover an instrument's bandwidth, as in the case of the calorimeter spectrometers which have bandwidths of > 10 keV, calibrating the energy scale can typically be completed in a few hours.
Owing to its unidirectional electron beam, EBIT-I produces polarized line radiation. 21, 22 The amount of polarization of each line emitted from EBIT-I, however, is both line dependent and changes as function of incident electron energy. Using lines of known polarization, a diagnostic's sensitivity to polarization can be calibrated. Again, similar to other measurements conducted at FAST, one can either use several polarized lines simultaneously for calibration, or use a single line selected using a monochromator.
Here we have given a brief overview of some of the capabilities of the FAST Data and Diagnostic Calibration facility. FAST has already been used to develop and calibrate several spectrometers, including grating and crystal spectrometers used at, DIII-D, Alcator C-Mod, NSTX, and the Omega and Omega EP lasers (see Graf et al. 23 and references therein and also Beiersdorfer et al., 24 Reinke et al., 25 Park et al., 15 and Magee et al. 14 ).
FAST is currently being used to develop and calibrate instruments for ITER, and is being made available to the general fusion and astrophysics diagnostic user community. FAST is well suited to calibrate and characterize instruments to be flown on or support the Gravity and Extreme Magnetism SMEX (GEMS), Astro-H, Micro-X, and the International X-ray Observatory (IXO).
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